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EXECUTIVE SUMMARY

Our decision to seek membership in NASA’s Astrobiology Institute is motivated by a desire
to bring our expertise in deep subsurface ecosystems to bear on the scientific and technological
difficulties that will be encountered during the exploration of life beneath the surface of Mars.
Our center will be a consortium composed of senior level investigators representing Indiana
University, Princeton University, University of Tennessee, Pacific Northwest National
Laboratory, Oak Ridge National Laboratory, Lawrence Berkeley National laboratory, University
of Toronto, and the Lunar and Planetary Institute. We believe our expertise in subsurface
ecosystems and our access to extraordinary analytical facilities and field sites will enable
development of synergistic relationships with other biological, geological and planetary research
in the NAI

Geochemists, chemists, microbiologists, and hydrologists on our team seek to collaboratively
investigate physical and chemical limitations on life deep beneath the subsurface of Earth in
order to design life detection methods for subsurface exploration of Mars. We have recovered
indigenous microbes (Bacteria and Archaea) from ten- to hundred-million year old, highly saline
fracture water at depths up to 3200 meters below ground in South African gold mines. Most of
these microbes are sulfate reducing bacteria, but indigenous species utilizing other pathways of
electron transfer can be detected by ribosomal sequencing. The magnitude of and ergonomic
constraints on microbial activity and growth in these environments are poorly understood. The
relationship between abiogenic chemical processes, such as radiolysis and Fischer-Tropsch
reactions, and biogenic processes that sustain life remain largely enigmatic in the deep
subsurface. The identity of specific genes that are critical to the survival of subsurface
microorganisms inhabiting these environments has not been established. The evolutionary
relationship of such genes to those of surface dwelling microorganisms is not known, but could
provide clues at to whether microbial life on Earth originated in the subsurface. Life-forms in
the subsurface of other planets presumably concentrate energy from geological sources like
terran subsurface ecosystems, but their cellular machinery could be radically different. The
fundamental elements and behavior common to all subsurface life forms need to be established
in order to design life detection instruments for subsurface planetary probes.

A combination of field and laboratory experiments will be utilized to address the
geochemical and genomic signatures of subsurface microbial ecosystems. In addition to
continuing work in South African mines, an Arctic field site will be established where brine-
containing fractures exist beneath a permafrost cap and provide an environment believed to be
analogous to that of Mars. Levels of nutrients and metabolites will be quantified using stable-
isotopic and molecular data on gaseous and aqueous species and on cellular and mineral
materials collected from boreholes drilled into tunnel walls. Geochemical profiles from these
boreholes will be combined with information on the genomic diversity in order to assess
potential limiting factors for microbial survival. These results will be compared to results
obtained from much warmer South African subsurface sites to determine elements common to
microbial life at depths. The development of geophysical and chemical sensors for detecting life
will be field tested at these sites.

Laboratory studies will make use of several strains of anaerobic Bacteria and Archaea from
deep-subsurface sites including sulfate reducers, thiosulfate/sulfur disproportionators, Fe
reducers, Mn reducers, and methanogens. We will design experiments to differentiate between
microbial and abiogenic processes that control energy and nutrient cycles in the deep subsurface.
These experiments will focus on process response to inferred environmental parameters in the
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Martian subsurface, such as low water activity, high salinity, dessication, radiolysis, high CO,
partial pressure, and clathrate formation. Based upon the results of these microbial experiments,
we will develop and deploy borehole instruments to image fractures and biofilms, monitor the
expression of genes, detect the presence of metabolites, and identify cellular activity.

The proposed research will address several goals identified in the Astrobiology Roadmap.
Recovery of uncontaminated samples from deep-subsurface ecosystems on Earth is directly
relevant to exploration for extant life in the subsurface of Mars, Objective 2.1 of Goal 2--Life in
Our Solar System. We have accessed deep-subsurface ecosystems at depths greater than 3
kilometers below the ground surface in South African gold mines. The gold bearing
conglomerates are late Archean in age and, consequently, characterization of the geochemical,
lipid and isotopic signatures preserved in these rocks will enable us to contribute to Goal 4--
Earth’s Early Biosphere and its Environment. We will explore the evolution, environment and
limit of life, Goal 5, by examining the community composition of subsurface ecosystems in
different geochemical venues and by performing in situ experiments to see how the community
evolves in response to environmental changes. Given high contents of uraninite in the gold-
bearing conglomerates, our research is relevant to Objective 5.3--the determination of survival
strategies that permit organisms to maintain viability in a radioactive environment for millennia.
Finally, our previous research identified isotopic signatures that derive from the presence of
subsurface bacterial life, Objective 7.1 of Goal 7--Signature of Life. Our future research plans
will evaluate the preservation potential for these bio-signatures in clastic and chemical sediments
analogous to regolith deposits on Mars.

Education and Public Outreach (EPO) activities in the proposed Indiana-Princeton-
Tennessee Bio-Sustaining Cycles Team are designed around three areas of emphasis. First:
educational workshops for undergraduates and high school teachers where participants actively
collect and interpret data from laboratory and field experiments. Second: public outreach
through a web site with premiere-quality digital media including animations and video that
illustrate how and why scientists conduct microbiological research in extreme environments on
Earth in preparation for exploration of Mars. Third: mentoring undergraduate and graduate
research at Indiana, Princeton, and Tennessee universities. Inclusion of collaborators from the
School of Fine Arts, IU Instructional Support Services, and University Information Technology
Services at Indiana University is an unusual aspect of this proposal. High-resolution digital
video/audio materials will be collected during field experiments and will be use in both research
and educational components of the IPTAI. Videos produced by scientists will document
research methods in a substantially different way from conventional commercial films. We hope
to capture examples of both set-backs and advances in research resulting from unanticipated and
challenging conditions in deep mines. Given severe time and logistical constraints in deep
mines, digital documentation of physical conditions and instrumental configurations are essential
for later interpretation of experimental results.

The proposed collaboration to study Bio-sustainable Energy and Nutrient Cycles in the
Deep Sub-surface of Earth and Mars offers unusually high levels of institutional commitment
from Indiana University, Princeton University, and the University of Tennessee. The total
matching funds from these three institutions is in excess of $1,000,000. The match includes
technical staff, graduate student stipends and tuition, academic salary, renovated space for an
institutional office, and travel and supplies for E/PO.
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RESEARCH PLAN
INTRODUCTION

Our NAI would focus upon subsurface microbial communities that have been sequestered from the
surface photosphere for tens to hundreds of millions of years and the environments that support their in
situ activities. These terran ecosystems would represent the closest analogy to what might exist beneath
the cryosphere of Mars. We seek to characterize the microbial, mineralogical and geochemical
interactions, the isotopic signatures of the organic and inorganic gaseous, aqueous and metallic species,
the interspecies and interkingdom communications and interactions, the genomic diversity and
capabilities, the proteins expressed and their origin and the metabolites created and exchanged. This
information will be used to design life detection approaches that will be tested in well-characterized field
locations as a first step towards the design of flight-capable life detection instruments for future Mars
drilling missions.

1. WATER ON MARS: A SUMMARY OF CURRENT THINKING

The search for water has been identified as the principal objective and common thread of Mars
research — its abundance and distribution having important implications for understanding the geologic,
hydrologic, and climatic evolution of the planet; the potential origin and continued survival of life; and
the accessibility of a critical in-situ resource for sustaining future human explorers. Of the planet’s
estimated 0.5 to 1 km global inventory of H,0, ~90-95% is thought to reside in the subsurface (as ground
ice and groundwater), with the remainder stored as ice within the polar layered deposits (PLD).

Evidence for a water-rich Mars is provided by the geomorphic interpretation of a long list of
landforms (e.g., (Carr and Schaber, 1977; Lucchitta, 1981; Rossbacher and Judson, 1981; Kuzmin, 1983;
Carr, 1986)(Squyres, 1989; Squyres et al., 1992). In particular, it is supported by the existence of the
outflow channels, whose distribution, size, and range of ages, suggests that a significant body of
groundwater was present on Mars throughout much of its geologic history and may still persist to the
present day (Baker, 1982; Carr, 1986; Tanaka, 1986; Tanaka and Scott, 1986; Baker et al., 1992).

Based on a conservative estimate of the discharge required to erode the outflow channels, and the
likely extent of their original source region, Carr (Carr, 1996) estimates that Mars may possess a planetary
inventory of water equivalent to a global ocean 0.5 to 1 km deep. Of this estimated inventory,
~0.000001% is found in the atmosphere, while ~5-10% is thought to be stored as ice in the perennial
polar ice caps and layered deposits. This leaves ~90-95% of this H,O unaccounted for, the vast bulk of
which is believed to reside, as ground ice and groundwater, within the planet’s crust.

Expected Nature and Location of Primary Subsurface Reservoirs of H,O.

The expected distribution and state of subsurface water on Mars, as well as plausible values of the
large-scale physical, thermal, and hydraulic properties of its crust, have been discussed by Rossbacher
(Rossbacher and Judson, 1981), Clifford (Clifford, 1984, 1993), Squyres (Squyres et al., 1992), Carr
(Carr, 1996) and Clifford (Clifford and Parker, 2001). To a first order, subsurface conditions on Mars are
expected to resemble those found in cold-climate regions on Earth, particularly the unglaciated,
continuous permafrost regions of Antarctica, Siberia, and North America. This similarity is likely to
extend to an equivalent level of geologic complexity and spatial variability in such characteristics as
lithology, structure, stratigraphy, porosity, volumetric ice content, and mechanical and thermal properties.

Current mean annual surface temperatures on Mars range from ~154°K at the poles to ~218°K at the
equator (£5°K), with radiogenic heating expected to result in increasingly warmer temperatures at depth.
Consideration of the current best estimates of both the planet’s mean geothermal heat flux (~15-45 mW
m™) and the freezing temperature of the most geochemically plausible compositions of groundwater
(~252-273°K) suggest that the present depth of frozen ground on Mars, a region also known as the
cryosphere (Rossbacher and Judson, 1981; Clifford and Hillel, 1983; Kuzmin, 1983), should vary from
~2.5 — 5 km at the equator to ~6.5 — 13 km at the poles (Fig. 1). However, natural variations in crustal
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heat flow, thermal conductivity, and the presence of potent freezing-point depressing salts, are expected
to result in significant local departures from these predicted zonally-averaged values (Clifford and Parker,
2001).

At the Martian surface, the low relative humidity of the atmosphere means that ground ice is
thermodynamically unstable at latitudes equatorward of ~40° (Leighton and Murray, 1966; Fanale et al.,
1986) resulting in its loss by sublimation at a rate that is dependent on the mean annual surface
temperature, as well as the local thermal and diffusive properties of the crust (Smoluchowski, 1968;
Clifford and Hillel, 1983; Fanale et al., 1986). Depending on the nature of these properties, their variation
with depth, and the potential for replenishment from any deeper reservoir of subpermafrost groundwater,
these factors may result in local depths of desiccation at low-latitudes that range from centimeters to as
much as a kilometer with the potential for significant and complex variations in saturation state beneath
the sublimation front (Clifford, 1998). Such uncertainties preclude any reliable theoretical or geomorphic
prediction of the present distribution of subsurface H,O below the seasonal skin-depth.

If the Martian inventory of H,O exceeds what can be stored as ice within the pore volume of the
cryosphere, then the bulk of the excess will be present as a liquid, saturating the lowermost porous
regions of the crust (Clifford, 1993). Given a large-scale crustal permeability comparable to that of the
Earth, and the lack of any recent rainfall, the influence of gravity should result in a present-day
groundwater system that is in effective hydrostatic equilibrium — except where it may be locally perturbed
by tectonic, seismic or thermal processes. Because of the low porosity expected at depth, comparatively
little water is required to produce a groundwater system of substantial extent. Thus, if a subpermafrost
groundwater system is present on Mars, it is expected to underlie much of the planet’s surface.

Hypothetical Cross-Section of Martian Hydrosphere:

Cryosphere

Unsaturated
Zone
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Exponential Decline in Saline Groundwater
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Fig. 1. Hypothetical, meridional, cross section of the Martian hydrosphere showing the distribution of
ice, water and water vapor.



The distribution of ground ice is expected to follow the thermal structure of the crust, while the global
groundwater table is expected to conform to a surface of constant geopotential. For this reason, the local
vertical distance separating these subsurface reservoirs may vary considerably such that the intervening
unsaturated zone is maximized in regions of high elevation and minimized (or absent) at lower elevations
(Fig. 1). Within the unsaturated zone, the presence of a geothermal gradient is expected to give rise to a
low-temperature hydrothermal convection system of rising vapor and descending liquid condensate. Such
a system may have lead to the development of perched aquifers and the geochemical evolution of the
underlying groundwater into a highly mineralized brine (Clifford, 1991, 1993). The liquid stability field
of the brine encompasses much of the range in martian surface P-T conditions (Bodnar, 2001) and could
be present just below a frozen duricrust.

Although there is evidence that Mars once possessed a sizable inventory of subpermafrost
groundwater, it is also possible that such a inventory may no longer survive, outside of that which may be
locally and transiently produced by the melting of ground ice from local geothermal activity. Such a state
could well result from the progressive cold-trapping of a once large inventory of groundwater into the
pore volume of the thickening cryosphere, as the planet’s internal heat flow declined with time (Clifford
and Parker, 2001).

The belief that any sizable body of liquid water on Mars must reside at depths of several kilometers or
more (e.g., Figure 1) has recently been challenged by Malin and Edgett (Malin and Edgett, 2000), who
have identified features in high-resolution Mars Orbiter Camera (MOC) images that they interpret as
evidence of recent (and possibly contemporary) discharges of liquid water from near-surface aquifers
(~100-500 m). However, given the enormous difficulty of reconciling the shallow aquifer hypothesis
with both plausible environmental conditions and the need to explain the various enigmatic characteristics
of the gullies (e.g., their restriction to mid- to high-latitudes and preferential occurrence on poleward-
facing slopes), significant doubts have subsequently been raised about the uniqueness and plausibility of
this interpretation.

Currently, there is only one explanation for the origin of the gullies that appears to satisfy the most
serious environmental and observational constraints. The Martian obliquity is known to be chaotic on a
time scale of ~10” years, varying from ~0° - 60° (Laskar and Robutel, 1993). For obliquities >45°, the
peak insolation on poleward facing slopes at mid- to high-latitudes can yield summertime surface
temperatures that easily exceed the melting point for continuous periods that range from hours to many
months (Pathare and Paige, 1998; Costard et al., 2002; Paige, 2002). Under these conditions, large
amounts of water ice are expected to sublime and melt from the summer polar ice cap — increasing the
atmospheric vapor pressure of H,O sufficiently to allow liquid water to flow readily across the surface.
Under such conditions, formerly stable near-surface ice deposits could conceivably melt and produce
sufficient run-off to form the gullies (Costard et al., 2002; Paige, 2002).

Potential Occurrence and Distribution of Gas Hydrates and Liquid CO,.

In addition to the potential presence of such well-recognized volatile reservoirs as ground ice and
groundwater, subsurface H,O may also be present in the form of physical compounds of water ice and
various gases, known as gas hydrates. Hydrates form when CO, and other gases (like CH4 and H,S), are
concentrated under conditions of high pressure and low temperature in the presence of H,O, where they
can become stabilized by Van der Waals bonding within the cubic crystalline lattice of water ice
molecules.

A number of investigators have argued that substantial amounts of CO, hydrate may be present in the
Martian subsurface, most probably formed by the progressive cooling and freezing of CO,-saturated
groundwater (Miller and Smythe, 1970; Milton, 1974; Kargel et al., 2000; Komatsu et al., 2000). At
200°K, CO, hydrate is stable at depths as shallow as ~5 m (corresponding to a confining pressure of ~50
kPa) and may remain so down to a maximum depth defined by the location of the 283°K isotherm (Sloan,
1997). It is also possible that CHy, has been produced on Mars by both biotic (Farmer, 1996; Fisk and
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Giovannoni, 1999; Max and Clifford, 2000; Max and Clifford, 2001) and abiotic (Wallendahl and
Treimann, 1999) processes resulting in local concentrations ranging from a dispersed contaminant, to
massive deposits (Max and Clifford, 2000; Max and Clifford, 2001). The stability field of CH4 hydrate is
similar, but not identical, to that of its CO, counterpart extending from a depth as shallow as ~15 m
(corresponding to a confining pressure of ~140 kPa) at 200°K, to a maximum depth of as much as much
as a kilometer below the base of the cryosphere. As the internal heat flow of Mars has declined with time,
the resulting downward propagation of the freezing-front at the base of the cryosphere may have
incorporated both CO, and CH4 hydrate in concentrations ranging from a dispersed contaminant, to
massive deposits (Max and Clifford, 2000).

In addition to gas hydrates, several recent studies have argued that the pressure and temperature
conditions expected in the Martian subsurface may also permit the stable existence of liquid CO, in
amounts that may range from small inclusions to aquifer-like reservoirs that may have played a role in the
genesis of the outflow channels (Hoffman, 2000). While it is possible to identify a P-T environment in
the Martian subsurface where liquid CO, would be stable if emplaced after that environment had formed,
it appears difficult to imagine an evolutionary scenario by which aquifers of liquid CO, could have
initially formed and survived to the present day (Stewart and Nimmo, 2002). If, however, liquid CO, is
currently present in the subsurface, it appears that it will most likely occur as inclusions and localized
pockets.

In terms of subsurface martian ecosystems, therefore, three classes of environments exist; 1) the water
ice and CO,/CHy clathrate of the cryosphere with briny interstices; 2) a deep vadose zone dominated by
either CO, or possibly CH, gas; and 3) a deep, saline, fractured aquifer potentially saturated with either
CO, or CH, gas. These environments should be stable on the time frame of ~107 years, perturbed by
changes in martian obliquity and the occasional meteorite impact. Our recent LExEn-supported research
focuses on a terran subsurface ecosystem that is most analogous to the third class of martian
environments.

2. BIOSUSTAINABLE DEEP SUBSURFACE TERRAN ECOSYSTEMS

For the past two decades an increasing number of microbiologists, molecular biologists, geochemists
and mineralogists have been examining subsurface microbial ecosystems to understand their biodiversity,
origins, impact on ground water chemistry and aquifer mineralogy and to remediate contaminated
aquifers (Pedersen, 1993; Whitman et al., 1998). Only few of these studies have examined the microbial
biomass and community structure at a depth greater than a few hundred meters primarily because of the
lack of accessibility and the difficulties of contamination during drilling (Colwell et al., 1997). Most of
these studies rely upon groundwater samples pumped from wells or a few cores (Phillips and Lappin-
Scot, 1997; Onstott et al., 1998b).

Inferences about the subsurface microbial communities present in the ocean crust have been based in
part on ODP sediment cores (Parkes et al., 1994), on observations and measurements of ocean ridge
hydrothermal vents (Deming and Baross, 1993) and off axis vents and on fluids emanating from
boreholes drilled into the ocean floor (Cowen et al., 2002). More recently, however, our group has been
able to obtain saline water samples and rock samples from depths up to 3.3 kilometers below the surface
in the deep mines in South Africa (Takai et al., 2001a; Takai et al., 2001b; Mormile et al., 2003). The
attribute that sets this deep subsurface site apart from the other studies is that the saline water has been
isolated for up to ~100 myrs. from the surface and are encased in highly impermeable, 2.9 Ga rock strata.
Fluid flux in these environments are 10* times slower than those studied in the marine environment and
any residual organic matter is confined to rare horizons and has been metamorphosed to lower greenschist
faces. Yet, these isolated fluid-filled fractures yield intact cells with DNA suggesting that their survival
has depended upon chemical energy sources and growth substrates tapped by a combination of
gas/water/rock/microbial interactions. A number of recent studies have speculated that H, producing
water-rock interactions may provide the energy for subsurface microbial metabolism deep in the earth’s
crust (Lilley et al., 2001) and may be possible terrestrial analogues for subsurface microbial ecosystems
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under reducing conditions on other planets or moons (McCollum, 1999; Chapelle et al., 2002). But many
questions still remain including:

Would these communities, having survived for tens of millions of years, continue
to survive ad infinitum barring a geological cataclysm? Barring the invention of
time travel the only way to address this question is to begin studying the electron
fluxes, genetic, lipid and protein composition of both the planktonic and sessile
microbial communities trapped within these deep fractures.

Are autotrophic and acetogenic microorganisms key marker species to these
types of communities? Stevens and McKinley(Stevens and McKinley, 1995),
reported the presences of these phenotypes at ~1 kmbls in the 14 Ma Columbia
River Basalt aquifer. This observation combined with H, and sc analyses led
them to propose that oxidation of Fe-bearing minerals in the basalt generates H,
that is consumed by methanogens and acetogens. The latter then provide an
organic carbon substrate for heterotrophic microorganisms. Although this
hypothesis, referred to as SLIME’s, has been hotly debated (Anderson 1998), the
fundamental assumptions still appear to be tenable (Chapelle et al., 2002) and the
presence of methanogens and a gram-positive homoacetogen in a granitic aquifer
at depths up to 420 m has been cited as evidence in support of this concept
(Kotelnikova and Pedersen, 1997; Pedersen, 1997).

Are these microorganisms still relying upon an organic nutrient source, tenuous
though it may be, that was first formed photosynthetically in the Archean,
deposited, metamorphosed and in some cases radiolytically altered? The extent
to which heterotrophs in subsurface environments such as the Columbia River
Basalt aquifer utilize acetate generated by homoacetogens or upon dissolved
organic substrates exuded by the sediments inter-layered between the volcanic
horizons was never established. With one notable exception, the heterotrophic
members of subsurface microbial communities typically outnumber the
autotrophs even within a Precambrian granite aquifer (Ekendahl and Pedersen,
1994). To answer this question will require detailed, compound specific "*C
analyses of the major organic species present and of the microorganisms
themselves. One also has to look to the origins of other essential nutrients
including N and P.

If not, have these microorganisms developed mechanisms or a strategy for
enhancing, manipulating and efficiently utilizing in situ chemical energy fluxes,
sequestering key nutrients and energy polymers and efficiently repairing DNA,
proteins and cell membranes so that they are truly independent of any surface
biosphere? In terran marine and lake environments, photosynthetic autotrophic
communities appear to mitigate the variations in C, N, and P such that they
follow the Redfield ratios or the average C, N and P composition of the plankton.
In subsurface ecosystems that have been isolated for geologic time intervals do
similar ratios define covariation in C, N and P?

Just how long can a single cell maintain its viability without dividing?
Geochemical analyses combined with '*C dating of inorganic carbon in
groundwater and determination of the concentration of “viable” biomass from the
Middendorf aquifer indicates cell turnover times on the order of thousands of
years (Phelps et al., 1994). Based on the estimates for nM yr'' methanogenic
activity given below and on previous investigations by members of our team, it is
clear that growth in the deep terrestrial subsurface is a very slow process with
estimated doubling times for heterotrophic organisms in deep Atlantic coastal
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plains sediments on the order of hundreds of years (Phelps et al., 1994).
Estimates of respiration rates in ground water from this same environment range
from 10 to 10* nM of CH,O oxidized per year, depending on ground water age
and electron acceptor (Murphy and Schramke, 1998). Geomicrobial
investigations of a number of deep terrestrial environments with relatively low
permeability and hydraulic conductivity suggest that they are inhabited by
populations or descendants of populations that were present during the original
depositional events millions to tens of millions ago (Fredrickson et al., 1995;
Fredrickson et al., 1997). Thus, it is reasonable to hypothesize that most
members of deep subsurface microbial communities are highly adapted to low
nutrient conditions with very slow or infrequent cell division, and the utilization
of energy sources for maintenance rather than cell division, are the norm.
Although this finding is provocative, programmed cell death is not known for
bacteria and hence no reason exists to preclude Methuselahian microorganisms.
"C analyses of the microorganisms, lipids and dissolved organic matter will be
required to directly tests this hypothesis, however.

The last question has been partially answered by the recent successful recovery and resuscitation of
bacteria and Archaea trapped in salt crystals. The age of entrapment is ascertained from a combination
of radiometric analyses and petrofabric relationships. The answer appears to be that at least in spore
form, bacteria can survive trapped within crystals for 250 myr (Vreeland et al., 2000) and Archaea for at
least 97 kyr (Mormile et al., 2003).

Long-term hydrological isolation

The highly saline fluid-filled fractures intersected in deep mines are arguably larger scale versions of
mineral fluid inclusions, but more open to gas transport and storage, matrix diffusion and mineral surface
reactions (Guha and Kanwar, 1987). Determining the age of entrapment, however, is far more difficult
than in the case of mineral fluid inclusions and we have relied upon the following three approaches:

1. Fission track apatite dating-Because the partial annealing zone overlaps the maximum
verifiable temperature of microorganisms (~<120°C) and the optimum growth temperature of
many thermophiles (~>80°C) fission track apatite length distributions delineate the thermal
history relevant to colonization of rock strata providing a maximum age for the indigenous
community (Omar et al., 2003). As these age are younger at greater depths, the fission track
apatite ages for rock strata at a few kilometers depth that have been the targets of microbial
studies have ranged from 1.5 to 160 Ma (Tseng et al., 1995; Colwell et al., 1997). Much of
the Precambrian/Paleozoic continental crust reflect the Mesozoic thermal overprinting or
uplift associated with the breakup of Pangea with the exception of fission track apatite dates
reported from the western Canadian Shield that range back to 650 Ma.

2. Noble gas isotope analyses-Because the saline fluids collected in South Africa yield *°C1/Cl
values consistent with in situ nucleogenic production they are older than 1.5 myr. and their
age beyond the reach of cosmogenic isotopes (Lippmann et al., 2003). Analyses of the
SHe/*He, **Ne/*'Ne, “Ar/*°Ar, **Xe/'**Xe and *°Xe/"*?Xe and the noble gas concentrations
of the saline fluids and the pore waters in the rock strata and the chemical composition and
porosity of the rocks can determine the flux of the radiogenic noble gases from their to the
fluid filled fracture and the total subsurface residence time and unlike cosmogenic isotopes
has no maximum age limit (Andrews, 1987; Andrews et al., 1989). The subsurface residence
time represents a minimum age for the microbial communities since microorganisms strongly
adhere to the mineral surfaces given the high ionic strength of the saline fluids and their
migration through the crust should be strongly retarded with respect to that of the water.



8'%0 and 8°H of H,O and fracture minerals-The 8'°0 and 8°H of the water determines both
its origin and its pathway, e.g. whether it has interacted with rock at low or high
temperatures. In the case of low water/rock the "0 and °H can determine how much fluid
has been lost to the formation of hydrous minerals and how much mineral dissolution has
occurred (Pearson, 1987). They provide valuable checks to the noble gas model ages in
method 2. The 3'®0O of the fracture minerals in conjunction with fluid inclusion analyses can
determine the 8'*0 of the fluid from which the mineral precipitated and the when tied to the

fission track thermal history provides an additional constraint on the age and origin of the
fluid and hence the origin of the microbial community.

In the case of the deep subsurface of South Africa the thermal history derived from fission track
apatite length distributions (Omar et al., 2003) and noble gas isotopic analyses (Lippmann et al., 2003)
constrain the maximum and minimum ages for microbial occupation and isolation as a function of depth
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Fig. 2. He and Xe ages for fissure water and 80°C and 120°C thermochrons as a function of depth for

Witwatersrand basin, S. Africa. The thermochrons are based upon fission track length distribution data
from a 3.7 kmbls apatite-bearing sample.
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The maximum and minimum age estimates converge at a depth of ~3 kmbls. indicating that our
deepest sites were quickly colonized following cooling below 120°C. Isotopic analyses of fracture
coating calcite when compared to the 8'°O of the saline fluid indicates that the saline fluid must have
changed its isotopic composition during this time either by flushing or by mineral/water exchange during
slow cooling. Given that the present day fluid is distinctly non-meteoric (Fig. 3) the latter explanation is
more likely, but requires a more detailed examination of the fracture minerals.

Fig. 3. 8°H versus 8'°0 of fissure water from various mines within the Witwatersrand Basin
compared to precipitation, surface water and hot springs and carbonate crystals located along a fracture

zone.
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Autotrophs versus Heterotrophs-16S rDNA data

The identity of the microbial occupants on fluid-filled fractures has been determined by sequencing of
the 16S rDNA gene of DNA extracted from filtered water samples and from thermophilic and mesophilic
microbial enrichments (Takai et al., 2001a; Takai et al., 2001b; Moser et al., 2003; Onstott et al., 2003).
Members of the bacterial and archaeal kingdoms are present and the similarity of some of the sequences
to those in the RDP database for microorganisms with know physiology has permitted the identification
of some of the potential metabolic processes in the deep subsurface. Methanogens have been detected in
fracture fluids from depths up to 1.6 kmbls. and from the circulation water used for mining, service water,
(Fig. 4), but appear to be absent from the deeper, hotter and more saline fracture fluids. A distinct cluster
of Crenarchaeota have been detected in the service water and in water samples of the ~1 km thick, 2.5 Ga
dolomitic aquifer that caps the Au-bearing formations. Sequences similar to those found within this clade
have just been reported for Fe and Mn oxyhydroxide crusts in Lechuguilla cave (Northrum pers. comm.
2002). S and thiosulfate oxidizing autotrophs are also associated with the dolomite water, but are absent
in the deeper saline environment. Of the 16S rDNA sequences recovered from the latter environments,
the ones that are similar to the database match dissimilatory sulfate-reducing bacteria, SRB’s, in the &-
Proteobacteria and gram positive (or Firmicutes) divisions (Fig. 5 and 6), members of the genus Thermus
and Clostridia, potential thermophilic and hyperthermophilic Euryarchaeota (Fig. 7). Quantitative PCR
indicates that the archaeal portion of the microbial community is minor compared to the bacterial portion.
Some of the sequences associated with the genus Clostridia are suggestive of thermophilic
homoacetogens (Fig. 8), but over 90% of the ~500 16S rDNA sequences recovered to date are novel and
are too dissimilar from those in the database to unambiguously infer their environmental significance. In
some cases, the metabolic significance of a novel 16S rDNA is inferred from the media used to enrich the
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microorganism, as in the case of the gram positive DR504, which grew up in a Fe(Ill) reducing media
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Fig. 4. Euryarcheota divisional tree showing positions of clades associated with Methanogens and

clones related to hydrothermal vents rDNA sequences.
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Fig. 5. 8 Proteobacteria division, sulfate-reducing bacteria.
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Fig. 7. Hyperthermophilic Euryarchaeota from 3.2 kmbls. (Takai et al., 2000)
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the electron donor and Fe(III) oxide as the electron acceptor.
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Autotrophs versus Heterotrophs-Stable Isotope Signatures

Because so many of the 16S rDNA sequences form unique clades, determination of whether or not
autotrophs or heterotrophs dominate the communities relies upon stable isotope analyses of the dissolved
gases and aqueous species. The 8"°C and 8”H of the C,4 compounds from the deeper, saline
environments are similar to those reported for Canadian and Scandinavian shield brines and distinct from
those of thermogenic hydrocarbons (Sherwood-Lollar et al., 1993; Sherwood Lollar et al., 2002). The
Canadian Shield rock strata, a 2.7 Ga metamorphosed ultramafic/mafic hydrothermal complex, are
distinct from the 3.0 Ga siliclastic and basaltic andesite strata of the Wits basin, yet the reaction
mechanisms responsible for formation of the large quantities hydrocarbons and H, gas (up to 50% by
volume with flow rates of 1-30 L gas/minute) appear similar.
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Fig. 9. From top left to lower right. a) The 8"°C for C,, compounds from Canadian Shield versus C
number compared to those reported for the Murchison meteorite and hydrothermal experiments. b) 6D
and 8"C for C, 4 compounds from Canadian Shield and South African brines. ¢) 6D and 8"3C for CH,4
from South African fissure water. '*C values reported for biogenic CHs. d) The methane production rate
as a function of depth in South Africa.

Sherwood Lollar et al. (Sherwood Lollar et al., 2002) demonstrated that the abiogenic reactions that
may have generated prebiotic organic molecules in the early earth and on other planets may be the same
reactions involved in the production of hydrocarbons in Precambrian Shield crystalline rocks. The
most distinctive feature of these gases is the unusual pattern of °C values between the C;-C, alkanes.
Thermogenic hydrocarbons have been shown empirically and experimentally to have a characteristic
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isotope distribution pattern whereby the C,_4 alkanes become more enriched in "*C (less negative §"°C
values) with increasing molecular weight. This orderly isotopic distribution results from kinetic
fractionation effects whereby alkyl groups separating from source organic matter cleave preferentially at
weaker ?C-'2C rather than '“C-"C bonds (Des Marais et al., 1981). In contrast, the Canadian and South
Africa C;-C, alkanes reveal a significant depletion in B¢ for C,-C, with respect to C;. No thermogenic or
bacterial formation reaction or post-genetic alteration process is known to produce such a pattern (Fig.
9a).

Such a pattern can be generated, however, when hydrocarbons are produced from CHy in an
abiogenic reaction. This was first demonstrated in a spark discharge experiment (Des Marais et al., 1981).
The isotope pattern results during kinetically controlled synthesis of higher molecular weight homologues
from lower ones due to the fact that '>’CH, reacts faster than *CH, to form chains, so that 12C is more
likely to be incorporated into larger hydrocarbon chains. The Canadian Shield brines were the first
reported terrestrial samples to demonstrate this consistent depletion of C,-C4 with respect to C,. Only
values of 8"°C obtained for C,-C, n-alkanes for the Murchison meteorite yield a similar pattern, also
attributed to formation by abiotic polymerization reactions (Fig. 9a; Yuen et al., 1990). The absolute 8"°C
values of the hydrocarbons from the Murchison are significantly more enriched in "°C than the Canadian
brines, reflecting their extraterrestrial origin. Nonetheless, the Murchison meteorite and the Canadian
brines are remarkably similar in the isotopic pattern of the C,-C,4 n-alkanes (Fig. 9a).

The 8”H values for the C,-C, gases provide additional support for an abiogenic origin. The
distribution of 8"*C and 8°H values is distinctly different than for thermogenic gas (Fig. 9b), and the
inverse correlation of 8'°C and 8°H values between C; and C, supports the participation of these
compounds in an abiogenic polymerization reaction. (Des Marais et al., 1981) proposed that in a
kinetically controlled synthesis of higher molecular weight homologues from lower ones, the lighter
isotope ('*C) will react faster than the heavy isotope ('*C) to form a 2-carbon chain and the resulting C,Hy
would be depleted in "*C versus the CH, precursor. The reaction will also proceed more rapidly if the
weaker '?C-'H bond versus the '?C->H bond is cleaved, thus preferentially eliminating the lighter 'H. The
C,H; should be isotopically enriched in *H and isotopically depleted in °C with respect to the CH,4
precursor as observed in Canadian and South African brine samples.

The 8"°C and 8°H of the CH, (Fig. 9¢) and the C,.4 compounds reveal that the CH,4 from the
environments < 2.0 kmbls. does appear to have been produced by methanogens, many of which appear to
be aceticlastic (Gelwicks et al., 1994), not CO, reducing autotrophs (Fuchs et al., 1979) on the basis of the
16SrDNA (Fig. 4). The biogenic CH, has no detectable '“C, with one exception, suggesting that the
source acetate is > 50,000 years old. The proportion of this biogenic CH4 decreases with depth and based
upon the Xe age of the fissure water (Fig. 2) the biogenic CH,4 production rated decrease exponentially
with depth from 10 nM yr™" at 0.6 kmbls to <0.01 nM yr™' at 3.2 kmbls. Based upon estimated
methanogenic biomass in the fissure water of these samples by flow cytometry and qPCR, these rates
correspond to a cell turnover time a few decades at 0.6 kmbls. to hundreds of years at 2.0 kmb]s.

The 8"C of the dissolved inorganic carbon, DIC, doesn’t follow the enrichment trend reported by
(Stevens and McKinley, 1995) for the Columbia River Basalt aquifer and that expected for an autotrophic
dominated environment, but instead yields isotopically light values more consistent with heterotrophic
respiration of dissolved organic matter (Fig. 10). The S isotopes suggest that one of the principal electron
acceptors to this respiration is sulfate. The difference in the 8°*S of sulfate and sulfide from the deep
saline water is consistent with that produced by microbial fractionation by SRB’s in lab cultures (Fig.
11)(Kemp and Thode, 1968). This fractionation is present in saline water with a sulfate concentration of
50 uM, lower than has yet to be reported for lab cultures and suggestive of very slow sulfate reduction
rates
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Fig. 10. 8"C of CH4 and DIC for South African fissure water and 8"°C of DIC Columbia River
Basalt aquifer (Stevens and McKinley, 1995).

(Harrison and Thode, 1957). Dissimilatory sulfite reductase, DSR, genes recovered from two saline water
samples yield some sequences that closely align with those recovered from the Columbia River Basalt
aquifer and other sequences that are unique and deeply rooted in the DSR tree (Fig. 12; Baker et al.,
2003). This may indicate that some SRB carry reductive enzymes that are uniquely adapted to deep
subsurface environments, but until these enzymes are characterized this remains speculation. The acetate,
sulfate and sulfide concentrations yield a free energy of ~28 kJ/mole sulfate, sufficient to support the
formation of ATP (Schink, 1997).
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Fig. 11. &S of sulfate and sulfide from fissure water in Witwatersrand Basin, S. Africa.
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165 rDNA

Fig. 12. 16SrDNA (left) and DSR (right) tree for two deep saline water samples in the Witwatersrand
Basin, S. Africa.

The H,, sulfate and sulfide concentrations yield a greater free energy, ~56 kJ/mole sulfate, suggesting
that most of the electron flow is generated from H,. The H, concentrations in the South African fissures
span 6 orders of magnitude and are as high as 1 mM (Fig. 13)". The lack of appropriate Fe-bearing
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'Fig. 13. H, vs. He for fissure water from South Africa, Fennoscandian shield, Ukranian Shield and North
American Triassic basin. Dashed line represents predicted radiolytic yield as a function of time and He
concentration.
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mineral phases and thermodynamic calculations indicate that this H, cannot result from water-rock
interactions (horizontal bars in Fig. 13). Measurements of the TOC and carboxylic acid concentrations
indicate that the Gibbs free energies of fermentation reactions are positive for all samples with the
exception of one, so fermentation cannot explain the high H,. Nor are ultramafic rock present in the
lower crust underlying the Wits basin as can been seen in the crustal section exposed ~40 km south in the
Vredefort impact structure. Given the concentrations of radiogenic elements in the strata, the porosity
and the *He residence times (Fig. 2), the calculated H, concentration agrees with that of the highest
measured values (dashed line in Fig. 13). The mostly likely source of the H,, therefore, is radiolytic
reactions (dashed line in Fig. 13; Lin et al., 2003b). Furthermore, if one assumes that the abiogenic CH,4
utilized radiolytic H, and correct for this loss, then many more of the corrected H, concentrations overlap
the radiolytic production line (solid triangles in Fig. 13). Data from other Precambrian shields and from
the Triassic basin in eastern North America have yielded similar H, versus He distributions. Unlike
shallow aquifers where the H, concentration (lower rectangle in Fig. 13) has been used as a yardstick to
infer the principal microbial electron receptor for respiration (Lovley and Goodwin, 1988; Jakobsen et al.,
1998), the deep subsurface H, concentration appears not to be solely mitigated by microbial activity, but
reflects a balance between abiotic production, abiotic hydrocarbon generation reactions and nutrient-
limited microbial consumption. The microbial footprint appears more pronounced in the shallower
depths, particularly < 2.0 kmbls. Similar behavior may be found for other metabolites and nutrients.

The elevated concentrations of H, also indicate that microbial respiration is not efficiently extracting
all of the available chemical energy for growth. Other factors that might be limiting both microbial
metabolism and growth are:

e Lack of electron acceptors-Onstott et al. (Onstott et al., 1998b) observed that the deep
subsurface environment of a Triassic rift basin was electron donor rich compared to available
electron acceptors. A similar discrepancy between electron equivalents of electron donor and
electron acceptor compounds exists for South African deep subsurface samples. Most of this
excess electron donor capacity is present in the form of CH,. The only electron acceptor that
could redress this imbalance is Fe(Ill) and if it was being utilized by or was available to
anaerobic CH, oxidizers then the donor/acceptor balance might be restored.

e Lack of organic C. Unlike marine sediments, continental and ocean crustal rocks may not
have sufficient organic carbon. This possibility seems less likely given the recent reports of
long chain hydrocarbons from hydrothermal vent fluids and the abiogenically produced light
hydrocarbons in Precambrian shield rocks. Hydrothermal redox catalyzed reactions may
generate light-weight organics at deeper levels in the crust and they may diffuse upwards to
nourish the subsurface biosphere as suggested by Tommy Gold (Gold, 1992). The 10° ml”
biomass concentrations observed in deep saline water from South Africa are far less that
would be expected from extrapolation of biomass concentrations from shallower, marine
sediment environments (Fig. 15) and less than that expected given the 1 uM, minimum
measured concentrations of carboxylic acids (Fig. 16).

e Lack of N. When dissolved organic carbon (DOC) and total inorganic N (NH,;" and NOy)
concentrations are compared to the C:N values for bacteria, some of the deep saline water
exhibit a deficiency in N relative to DOC (Fig. 16). The minimum N concentrations of 0.1
nM correspond to a cellular concentration of 10° ml™ and thus could be limiting. Given the
surfeit of dissolved N, in these fissures, N, fixation would alleviate this deprivation, but only
if sufficient energy was present to sustain this energetically costly enterprise.

e Lack of phosphate. The C:N:P values for the South African deep fissures indicate a relative
paucity in P (Fig. 17a), which could account for the low levels of biomass. Dissolution of P
bearing phases such as apatite could replenish this nutrient, but phosphate is very much
oversaturated with respect hydroxyapatite (Fig. 17b) in these systems. The mechanism
responsible for the apparently elevated phosphate concentrations has not been resolved.
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Fig. 15. Summary of biomass concentrations based upon concentrations of PLFA or direct cell
counts per gram of sediment (open symbols) and per ml of groundwater (closed symbols). Data from
(Onstott et al., 1998a), Hall (Pers. comm., 2003) and Pfiffner (Pers. comm. 2002). Red dots are biomass
estimates for quartzite and organic-rich ore zone (Onstott et al., 2003). Solid line is based upon
extrapolation of biomass values determined for deep-sea sediments (Parkes et al., 1994). Our results
suggest three orders of magnitude lower subsurface biomass in continental crust.
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Fig. 16. Dissolved Organic Carbon (DOC) versus total inorganic N (NH," and NO5") for South

African deep groundwater. Red and black lines represent the C:N values measured on stationary and
exponential phase bacteria, respectively, grown in lab (Vrede et al., 2002).
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e Lack of trace metals. In South Africa, fissure water <1.5 kmbls. tends to be bicarbonate rich,
whereas, fissure water deeper than 1.5 kmbls. tend to be saline and sulfidic. Trace metals
tend to have different valence states and form different anionic complexes for these to
systems with many metals precipitating as sulfides. The lack of Fe, Ni and other transition
metals may limit the total abundance of enzymes such as hydrogenase and CO
dehydrogenase, which in turn may limit H, utilization and growth.

3. IMPLICATIONS FOR BIOSUSTAINABLE DEEP SUBSURFACE MARTIAN ECOSYSTEMS

Our research to date indicates that abiogenic hydrocarbons in Precambrian Shield geologic
environments are a globally and volumetrically significant phenomenon, hitherto significantly
underestimated. It has to been largely assumed that after the evolution of life on earth, biologically
mediated reactions overprinted evidence of the pre-biotic abiogenic chemistry of the earth. This is the first
indication that abiogenic reactions that contributed to the formation of primary organic molecules on the
early earth continue to play a significant role in the isolated deep subsurface environments. Although our
South African research indicates that some of these environments were inoculated with microorganisms,
they do not appear to dominate the C or H cycle in the deepest, most saline fissure water. These isolated
brines may host other abiogenic and even prebiotic reactions involving N, S and C compounds that have
yet to be detected.

Based upon the radiogenic element concentration of SNC'’s, the hydrological model of Clifford
(Clifford, 1993) and our results, substantial reservoirs of radiolytically derived H, and abiogenic CH,4
would likely exist in the martian subsurface, the former as trapped gas diffusing upwards through the
cryosphere towards the surface and the latter as a clathrates within the cryosphere (Max and Clifford,
2000). The isotopic composition of the H, should be distinct from that of the martian atmospheric H,.
Light hydrocarbons may be trapped in residual saline brine as the cryosphere base deepens with temporal
cooling of Mars and could provide potent electron donors and C substrate.

The abundance of S and Fe in martian crust estimated from the martian surface measurements (Clark
et al., 1982; Reider et al., 1997) and from SNC’s (Wanke and Dreibus, 1988) and especially of the
bioavailable forms of sorbed sulfate, S in smectite and ferrihydrite in SNC fractures (Treiman et al., 1993)
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suggest that sulfate and Fe(III) reduction could be two principal electron acceptor reactions. In this case,
radiolysis would renew these resources from their biologically reduced mineral equivalents. The
concentration of P is high compared to that of terrestrial rocks (Banin et al., 1992; Dreibus et al., 1999)
suggesting that unlike terran deep subsurface systems, P limitation would not be a serious concern.
Bioavailable N, however, is a serious dilemma given that N, abundance of the martian atmosphere is
5000 times less than that of earth and only trace amounts of nitrate have been reported in SNC’s (Clark,
1998). Our results have detected microorganisms that are capable of N, fixation, but this function is
energy-intensive. The high abundance of N, in some saline fissure water and its absence in others suggest
that some mechanism is removing N, in these deep environments. Nitrate reducers have been found in
the deep saline fissure water, but whether they are reducing nitrate in situ is difficult to assess given the
absence of nitrate.

Our observations of a deep subsurface terran ecosystem that has been tectonically quiescent and
isolated from the surface for ~10® years, therefore, carries implications about long term potential energy
and nutrient flux in a martian subsurface environment that differ from previous assessments. Fisk and
Giovannani (Fisk and Giovannoni, 1999) propose oxidants, such as dissolved O, from the martian
atmosphere enter the subsurface through basal melting of the polar cap (see Fig. 1) and downward
recharge to interact with H, produced by water dissociation from oxidation of fayalite. Assuming the
polar ice traps dissolved O, at a concentration of 10-20 nM, a melt recharge rate of 10'*"> L yr' (Clifford,
1993) and a subsurface brine volume equivalent to 10 to 250 m global ocean, the O, recharge rate is 10~
to 10° nM yr”', which is 8 to 12 orders of magnitude LESS than the oxidant production rate predicted by
radiolysis (see Fig. 19 below).

PROPOSED RESEARCH

The mechanisms that are at work in deep biosustainable habitats in South Africa could clearly play
critical roles in biosustainable environments beneath the surface of Mars. Our information doesn’t
however address the other two potential martian habitats mentioned above, the cryosphere and deep
vadose zone. Nor do our results provide insight energy and nutrient cycling in saline aquifers where CO,
is a dominant gas phase, but they do imply that over a period of at least ~10® years this CO, could be
converted to CH,4 and light hydrocarbons.

Our proposed research program, therefore, has four major themes:

1. Abiotic Microcosm Experiments-Abiotic geochemical and radiolytic experiments designed to
mimic the processes inferred to be taking place in the deep subsurface of South Africa and
Canadian Shield, to quantify the resulting energy and nutrient fluxes, determine the stable
isotopic fractionation and to develop simple aqueous geochemical and isotopic models that can be
applied to martian hydrogeological conditions.

2. Biotic Microcosm Experiments-Biotic experiments similar to the abiotic experiments, but
inoculated with selected subsurface microbial isolates that cycle C, N and S. These results will be
used to develop models for martian biosustainable deep subsurface habitats. The chemical and
stable isotopic composition of the metabolites will be compared to that of the abiotic experiments
and from this comparison we will begin designing life detection tools that can be utilized in the
field and potentially on mars missions.

3. Subsurface Simulator Stress Experiments-Both abiotic and biotic microcosm experiments will
examine the effects of dessication to the limit of thin, saline films on mineral surfaces and the
effects of CO, and CH, clathrate formation. These stresses are designed to examine the impact of
these processes on energy and nutrient flux and on the chemical and isotopic composition of
abiogenic species and biogenic metabolites. To examine the effect upon a subsurface microbial
community field rock and water samples will be placed into large volume subsurface simulators.
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This information will also be incorporated into models for martian subsurface habitats and in the
design of potential life detection instruments.

4. In situ Activity and Substrate Utilization Experiments-Geochemical, isotopic and microbial
analyses and in situ experimentation at a field site where a relatively shallow (< 1km), brine that
has been isolated from the surface by permafrost for ~10” years is accessible through mining
operations. Several candidate sites exist in northern Canada and the results from this field site
will be compared to our observations from the deep subsurface of South Africa, which has
experienced a much different surface climate history. The results of the experimental studies
will be compared to the results from both field studies as an initial step towards scaling up
biogeochemical modeling. Finally, the results from the northern Canada site will be compared to
those of Artic permafrost deposits to determine if any evidence for biological or chemical
transport between the two habitats exists.

1. ABIOTIC ENERGY AND NUTRIENT SOURCES
(Onstott, Myneni, Dismukes, Sherwood-Lollar, Pratt and Lehman)
Radiolysis

Background-Dissolved H, and He measurements indicate that radiolysis is the simplest explanation
for the elevated H, concentrations reported for Precambrian crustal aquifers (Lin et al., 2003b).
Radiolysis also generates strong oxidants, H,O, and O, (Spinks and Woods, 1990) and the production rate
of all three species depends upon the fluid-filled porosity and radiogenic element composition and
concentration (Hoffman, 1992). The occurrence of H, and O, in fluid inclusions within quartz
demonstrates the stability of these radiolytic products over the geological periods in the absence of
variable valence elements (Dubessy et al., 1988). This has been confirmed by laboratory irradiation of
complex brines at PNNL (Gray and Simonson, 1984). The relative production rates of H,O, and O,
depend upon the relative o, B and y dosage and upon the salinity of the fluid since ClI inhibits H,O,
production (Lin et al., 2003a). H,O, and O, will react with reduced metal oxides, organic matter and
sulfides to generate potential electron acceptors, Fe(Ill), CO, CO,, S°, S,05%, SO,* and or with NH," to
produce NO,™ or NOs.

Published estimates of radiolytic yields rely almost entirely upon irradiation of homogenous water
solutions. The efficiency of radiolytic decomposition of water is increased in heterogenous water/mineral
solutions since the ephemeral products, such OH, H, and e-, interact with the mineral surface before they
have a chance to recombine into H,O. The radiolytic of H, for thin films of water absorbed to oxides is
~15-50 times that of pure H,O (Vovk, 1987a). In the presence of gas hydrates, the rate of radiolytic
decomposition is 3 to 4 times that of pure HO (Vovk, 1987a). Laboratory irradiation of aerobic, organic-
rich sediments has yielded both CH4 and CO, with the production of H,, the consumption of O, and
surprisingly the consumption of N, (Vovk, 1987a).

Since most of the fluid filled porosity in deep crustal rock is associated with an effective porosity with
sub-micron pore throats or fluid inclusions and not within the fractures (Nordstrom and Olsson, 1987),
most of the radiolytic production takes place in the rock matrix. As a result, much of the Fe(Ill)-bearing
oxyhydroxides and S° precipitated during radiolytic reactions may not be bioavailable and the soluble
electron acceptors, SO42', 82032', NO; and NOs’, will diffuse from the matrix to the fracture zone along
with the H,. The oxidation reactions that take place within the matrix reduce the pH of the pore fluid
thereby promoting the dissolution/precipitation of clays, feldspars and quartz and elevate the Eh thereby
promoting the mobilization of other redox sensitive metal species, such as U. Pore water and fissure
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ITPAI Detection of Biosustainable Energy and Nutrient Cycles in the Deep Subsurface of Earth and Mars
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Fig. 19. Diagrammatic representation of observed concentrations gradients between rock pore water
and sulfidic fissure water. Vertical scale is activity in M. Horizontal distance is diffusion controlled. Not
included are mineral precipitating reactions on fracture face, such as sulfide or U oxide formation. Also
not shown are coupled microbial redox reactions, e.g. reduction of nitrate that is diffusing outward by HS.

water geochemical results from South Africa and geochemical modeling have delineated some of these
gradients (Fig. 19). SO,> appears to be the principal electron acceptor diffusing into the fracture
explaining the wide spread occurrence of SRB’s. By reducing the SO,* to HS™ the SRB’s enhance the
diffusive flux and their overall metabolic rate. The HS' can either react with the metals diffusing from the
matrix to form sulfides or act as an electron donor to other electron acceptors, such as NO;". This redox
couple can be utilized by microorganisms, such as Thiobacillus denitrificans, as an energy source,
producing N, as a waste product (Fig. 19).

The potential chemical power made available to chemolithotropic microbial communities depends
upon the relative volume of the fracture to matrix rock, the diffusivities of H, and the electron acceptors
and the age of the fracture itself. A newly formed fracture in an ancient rock will immediately yield the
maximum chemical power, which approaches steady state over a period of 10,000 to 100,000 years (see
Fig. 20). Because of the tiny facture volume typical of deep crustal rocks (~0.001-0.01%; (Nordstrom
and Olsson, 1987), the potential biosustainable chemical power production is greater than that present in
Atlantic coastal plain aquifers that support a large diversity of microbial species.
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H: and Sulfate Fluxes
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Fig. 20. Chemolithotrophically available power as determined by maximum production rates for H,
and SO,” in nM yr’' based upon instantaneous and steady-state solution of diffusion equation for a semi-
infinite medium, measured pore water concentrations and estimated radiolytic productions rates using
experimentally determined yields for H, and assuming that all radiolytically produced O, and H,O,
oxidizes sulfide to SO,*. The production rates for H, and SO,> for Mars are based upon the radiogenic
content of SNC meteorites. Shown for comparison is the chemical fluxes of H, and SO,* for Atlantic
Coastal Plain aquifers from (Lin et al., 2003b) and (Chapelle and McMahon, 1991) and also the redox
power availiability for martian hydrosphere based upon basal melting of polar caps as the sole source of
recharging oxidant (Fisk and Giovannoni, 1999).

Several questions need to be resolved, however, in order to determine whether this mechanism alone
can sustain subsurface life.

e Does the presence of mineral surfaces enhance radiolytic yields and alter redox chemistry?

Several studies from the late 60’s to early 80’s reported these effects (Vovk, 1987a) but experiments
utilizing modern surface spectroscopic techniques have not been performed. One would anticipate that
different aqueous surface complexes whose type and abundance depend upon the pH and mineral would
influence both the radiolytic yield and the surface reaction. The surface reaction would entail both
dissolution/precipitation and oxidation/reduction reactions.

e How do dissolved organic and inorganic C and N species behave in this system?

Only a few studies have reported the effect of radiation on organic matter and of those most focus on
kerogen and bitumen associated with U ore deposits where the calculated o dosage is ~10'*-10"* rads
(Leventhal and Threlkeld, 1978; Leventhal et al., 1987). Aromatic carbon complexes that are stable to y
irradiation and depleted in H and O relative to immature organic matter typify these deposits (Zumberge
et al., 1978) or sometimes enriched in O (Dubessy et al., 1988). The reported loss of N, during sediment
irradiation experiments (Vovk, 1987a) the susceptibility of NH; to UV photolysis and the reported
correlations between N, and He in natural gas fields (Ballentine and Sherwood-Lollar, 2002) are all very
suggestive, but nothing is known about radiolysis and N cycling.

e What S species are formed by radiolysis of sulfide/saline anaerobic water?

Radiolytic production rates for SO,> by y and B irradiation of S° in water ice (nonsaline and
microaerophilic) were recently reported by (Carlson et al., 2002). Under these conditions SO4* was the
principal S species, but further experimentation is required as oxidation of sulfide by H,O, typically
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yields a coating of microcrystalline S° and pore water analyses of U-bearing ore zones in South Africa
also detected the presence of S,05%. Because the S,05> can be simultaneously oxidized to SO,* and
reduced to S its radiolytic production and subsequent destruction could potentially cause large values in
the A*S of SO,* and S* (Jorgensen, 1990).

e Are there any isotopic or molecular signatures that are indicative of radiolytic processes?

The 8"°C of the solid phase organic matter in U ores has ranged from —17 to —44°/,,PDB (Leventhal
and Threlkeld, 1978; Zumberge et al., 1978; Leventhal et al., 1987) and, in one case, that of occluded CH,4
and CO, was —44 and —35°/,, PDB, respectively (Leventhal et al., 1987). The light isotopic values and
petrographic observations have fueled speculation that some of the organic matter formed by radiation-
induced condensation of CH4 and or CO, (Robb et al., 1994). To date, no compound specific stable
isotopic analyses have been performed. Although the 8°H of radiolytically produced H, is isotopically
light, its signature will equilibrate with that of water too quickly to be preserved (Lin et al., 2003a). The
same argument may apply to the 8'*0 of H,0, and O, formed by radiolysis and preserved in the SO,*
formed by oxidation sulfide bearing rock strata, but no measurements have been performed to date to test
this.

Energy Flux for Thin Films on Minerals

Background-It is well known that heterogeneous reactions at the mineral-water interfaces modify the
energetics of several reactions on the surface of the Earth (Brown et al., 1999). The energetics of redox
reactions mediated by mineral surfaces are vastly different from that of homogeneous aqueous phase
reactions. Our recent vibrational spectroscopy studies indicate that water sorbed on mineral surfaces (thin
films of water on surfaces) interacts with mineral surface hydroxyls and modify their H-bonding
environment significantly (Myneni, unpublished). In addition, these H-bonding interactions vary as a
function of water film thickness. This suggests that the interfacial reactions involving minerals do not
entirely depend on the type of metal coordination of surface hydroxyls but on the H-bonding environment
of solvated water at the interfaces. In unsaturated subsurface environments including the deep martian
vadose environment, most of the water exists as thin films on mineral surfaces, and it is expected that the
thickness of water films, the composition of the vapor phase, e.g. CH; and CO, and with N,, mineral
substrate composition and interfacial chemistry would play a critical role in various geochemical
reactions, including the radiolysis of water. Total radiolytic yield of H, should diminish with decreasing
abundance of H,O, but the yield of O, and H, O, could be quite different. Very little information is
currently available, however, on redox reactions and water radiolysis in thin film conditions.

We propose to investigate the role of mineral surfaces on the radiolytic yields of different chemical
species. Since the H-bonding environment at mineral-water interfaces changes significantly as a function
of pH (modifies the point of zero-charge and thus the interaction of different ions at interfaces), water
film thickness (modifies the coordination of water and the strength of H-bonding environment at
interfaces), solution composition (ionic strength and composition of fluid phase modifies the overall
distribution of charged and uncharged species at interfaces) and substrate composition, we would like to
explore the influence of these important variables on the radiolysis of water. Using the vibrational and the
soft X-ray spectroscopy accessories that our group has built in the past few years, we would like to
explore the chemical state of water on mineral surfaces under different conditions stated above, and probe
the radiolytic breakdown of water and its reaction products. The OH stretching and bending vibrations of
water and the 1S electronic transitions of O in water are sensitive to the H-bonding environment of water
molecules in aqueous solutions and at interfaces (Myneni et al., 2002).

Hydrocarbon Yielding Water/Mineral Reactions

To date we have been able to identify C and H isotopic fractionation patterns consistent with
abiogenic versus thermogenic and bacterial processes for C1-C4 hydrocarbons, but we have not been able
to distinguish between different potential abiotic pathways and reactions. An additional goal of the
proposed research is elucidate the specific reaction mechanisms responsible for the production and fate of
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hydrogen and hydrocarbon gases in this geological setting, taking advantage of the enormous potential
that isotopic signatures have as diagnostic indicators of reaction mechanisms. Several reactions have been
suggested in the literature as potential mechanisms for production of abiogenic gases including:

1. CH, from dissolved bicarbonate (HCO5') under hydrothermal conditions with metal catalysts
(Horita and Berndt, 1999).

2. CHy and higher hydrocarbons via the Fischer-Tropsch synthesis (Yuen et al., 1990; Charlou
and Donval, 1993; Hu et al., 1998; Lilley et al., 2001).

3. CHy and higher hydrocarbons via serpentinization of ultramafic rocks (Charlou and Donval,
1993; Berndt et al., 1996; Kelley, 1996).

While some work has been done to establish C isotope fractionation effects associated with CHy
production, a paucity of information exists on formation of the higher hydrocarbons and on H isotope
effects. The objective of the proposed research is to undertake a focused experimental program to
determine both the C and H isotope fractionation associated with these important abiogenic reactions and
to extend the information base we have developed to incorporate higher molecular weight hydrocarbons
in order to address the following questions:

e To what extent do the different potential abiogenic gas formation reactions have distinct
isotopic fractionation associated with them?

o I[f distinct isotopic differences do exist between these reactions are they observed in field
samples?

e Ifthey are observed in the field to what extent can the inferred reaction be related to the
geologic setting and geochemical history of the locale as provided by fluid inclusion
analyses?

e Ifthese gases occur in ore bearing rocks does this association reflect a casual relationship
whereby the dispersed metals act as catalysts to facilitate the conversion of inorganic
carbon to hydrocarbons?

It will be particularly important to distinguish whether the gases are primarily controlled by
geological/geochemical features of the host rock or are controlled by structural features, implying
migration from the point of origin. If the former, then the differences in gases observed in
different geological settings will yield important information on potential reaction mechanisms
and the production of gases via water-rock interaction.

Experimental Approach

Objectives-The focus of research into radiolysis will be to perform laboratory irradiation experiments
on homogenous fluid and heterogeneous fluid/mineral systems to obtain radiolytic production rates, to
identify the reactive species forming on the mineral surfaces and to quantify any isotopic fractionation
effect associated with the radiolytic products. Both homogenous and heterogenous fluid experiments will
utilize anaerobic, Na-Ca-Cl solutions as these best represent the bulk composition of deep subsurface
brine. Heterogeneous experiments will also use pyrite, magnetite, olivine, pyroxene and quartz. The
initial pH of the solutions will vary from 3 to 10 in order to examine the effects of surface species and at
4,25, 45 and 80°C. To examine the effects of mineral surface reactions, the experiments will be
performed without mineral substrates, with an equal volume of mineral and saline solution and just with
minerals whose surface is saturated with a thin film of saline solution. Total dosage from the “’Co
v source used at Columbia University will vary from 0 to 10* Gy. The surfaces of the minerals will be
examined with XAFS to identify surface adsorbed aqueous complexes. Finally, the heterogeneous
experiments will be performed without irradiation, but with low levels of H,O, and O, to see if the
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kinetics and products of these reactions can approximate that of the irradiation experiments. If so, this
will greatly facilitate incorporation of radiolytic effects into standard geochemical modeling codes.

Tasks-The experiments will focus on H, C, N and S cycles.

1. H cycle-The production rates of H,, HyO, and O, will be determined as a function of
temperature, pH, water saturation and Fe concentration in the mineral. The non-irradiated
control experiments will be used to further quantify the effect of H, production via oxidation
of Fe in mineral phases.

2. S cycle-For irradiation experiments utilizing FeS,, the aqueous S species will be measured by
ICMS and the surface absorbed S species by XAFS. The production rates and species
distribution will be determined as a function of temperature, pH and water saturation. The S
isotope composition of the various products will be determined.

3. N cycle-Anaerobic saline water with NH," and Ar and with N, will be irradiated to determine
the stability of both phases during irradiation and whether oxidized N species, NO,  and NO3’
, are produced. The aqueous N species will be measured by ICMS and the surface absorbed
species by XAFS. The N and O isotopic composition of the different species will also be
determined. The homogenous experiments will be compared with the heterogeneous
experiments to determine the effects of temperature, pH, water saturation and Fe
concentration in the mineral.

4. C cycle- Anaerobic saline water with CH, and CO, and with N, will be irradiated to
determine the stability of the C phases during irradiation and whether oxidized or reduced C
species, such as low molecular weight hydrocarbons or carboxylic acids, are produced. The
aqueous C species will be measured by ICMS, HPLC and the surface absorbed C species by
XAFS. The C and H isotope composition of the different species will also be determined.
The homogenous experiments will be compared with the heterogeneous experiments to
determine the effects of temperature, pH, water saturation and Fe concentration in the
mineral.

New Gas Detection Methods

In the past decade, Cavity Ring Down Spectroscopy (CRDS) has become a widely used optical
spectroscopic technique for detection of very weak absorption, including by trace species(Busch and
Busch, 1999). In this method, absorption of a gaseous sample is detected by a change in the decay rate of
an optical cavity former by very high reflectivity mirrors when the sample concentration between the
mirrors is changed. Lehmann (1996)(Lehmann, 1996) and (Romanini et al., 1995; Romanini et al., 1997)
have pioneered the application of a continuous wave laser to excite the optical cavity. Using such lasers,
optical absorptions as small as one part per billion per pass of the cell can be detected. The methods
developed at Lehman’s laboratory at Princeton University have led to introduction of the first commercial
trace gas analyzer based the CRDS method (Dudek et al., 2003).

This instrument can detect concentrations of moisture in a wide range of gases at a concentration of
100 ppt by volume. The laboratory prototype had a noise equivalent concentration ~10x more sensitive.
With minor modifications, this instrument can detect other of simple hydride species, including HCI, HF,
CH4, NHj;, and C,H, with detection sensitivities within one order of magnitude of the moisture sensitivity.
The detection is capable of isotopic analyses and is also quite fast, limited primarily by the time required
to exchange the sample in the cell. The method is most compatible with a slow, continuous flow of
sample through the detection cell.

In order to apply this technique to problems relevant to Astrobiology, we propose several
developments for the instrument. By minimizing volumes of the cell and transfer line, we should be able
to reduce the size of the sample to be analyzed to about one standard cc of gas. With a detection
sensitivity of 100 ppt, this would correspond to a detection limit of about 100 femtogram of analyte or
~0.006 nM of CH, as an example. This is about 100 to 1000x more sensitive than analytical techniques
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employing GC-IRMS but less sensitive than those utilizing '*C. The second direction is to combine this
detection technology with chemical transformation methods to selectively convert other chemical species
into ones we can detect. For example, both CO and CO, can be quantitatively converted with a
methanizer into CH,, which can then be analyzed. We will also explore methods to pre concentrate
larger samples to allow similar absolute quantity sensitivity. Finally, we will determine the
concentrations required for obtaining C, H and N stable isotope precisions of ~1°/,,. The distinct
advantage of this approach is that it conceivably can be adapted to fly on Mars drilling missions.

2. BIOTIC ENERGY AND NUTRIENT CYCLING

(Onstott, Myneni, Dismukes, Lehman, Pratt, Sherwood-Lollar, Hazen, Moser)
Introduction

The research program will focus on two main, long-term objectives:

1. To determine the distribution between abiogenic and microbial C, H, N and S metabolites and the
geological, structural, geochemical and microbiological controls on the transition between these two
regimes in deep subsurface brines.

2. To determine whether the abiogenically derived C, H, N and S compounds act as substrate(s)
supporting the microbial communities.

Although these two objectives may appear contraindicative, i.e. if microbial communities are utilizing
abiogenically derived C, H, N and S compounds wouldn’t they be transformed into microbial metabolites
and erasing their former abiogenic signature? To successfully distinguish between abiogenic source and
microbially produced metabolites we will rely heavily upon compound specific stable isotope analyses
and isotopically labeled substrates. These methodological approaches in concert with laboratory
microbial microcosm and macrocosm experiments, with a field site that offers a range in environments
with more or less microbial activity and with in situ experiments performed in boreholes will enable us to
document the processes that operate to sustain subsurface microbial communities for 107 to 10® of years.

Evolution of the C Cycle From Abiotic to Biotic Processes

Background-The 8"°C and 8H analysis of CH, clearly detected biogenic methane production in our
deep subsurface systems in South Africa (Fig. 9a) and in the Canadian Shield (Doig, 1994). The absence
of "C in some of this CH, suggests it is the product of indigenous, deep subsurface methanogens. The
16SrDNA data indicate that aceticlastic methanogens are responsible for most of the biogenic CH,. The
challenge now is to characterize the interface between these two major gas-producing
geochemical/microbial systems in the complex and dynamic field settings encountered the deep
biosustainable geological environments.

e What is the degree of chemical/biogeochemical interaction between the abiogenic
hydrocarbon gases and the deep subsurface microbial community?

e To what extent do indigenous anaerobic microbial communities utilize these compounds
as substrates?

e To what extent do indigenous anaerobic microbial communities utilize these compounds
as electron donors for energy and convert them back into CO, and cycling the C
compounds between the abiotic and biotic systems?

o If Cy4 utilizing, anaerobic microorganisms exist, then how do they alter the C and H
composition of the C;.4 compounds?

Field sites will be sampled extensively to determine the nature and spatial distribution of gases within
the mine. Sampling will be targeted to cover different depths, geologic formations and structural features.
A key feature of this research is close coordination with the mine geologists and exploration drilling
programs to sample both from newly completed boreholes and to re-sample these boreholes over time to
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determine temporal as well as spatial variability in measured parameters. This has never been
systematically accomplished in the mines in Canada, South Africa or Finland and will allow us to resolve
whether the microbial hydrocarbons are stored over long times periods in the host rock (as are the
abiogenic gases) or are a phenomenon that appears post-borehole completion. If the latter, it will be
essential to determine if this is due to mixing with in situ native microorganisms or due to colonization of
boreholes with surface microorganisms associated with mining contamination. The goal will be to
establish both the contribution of microbial processes to the groundwater and gases, and also the
substrates (DIC, DOC, H,, CHy, CO) that the in situ microorganisms are utilizing as a basis for this deep
subsurface community.

Samples will be collected for compositional and isotopic analysis of CHN-bearing gases and
dissolved organic compounds as well as associated saline groundwater and brines. Concentration data, as
well as stable C and H isotope signatures, have traditionally been used to identify microbial gases mixing
with non-microbial end-members (Bernard et al., 1977; Schoell, 1988). Sherwood-Lollar et al.(Sherwood
Lollar et al., 2002) have now established a model for isotopic fractionation patterns in abiogenically-
produced gases that can be used to identify this novel end-member and provide constraints to determine
the relative contribution of the end-members to each sample. Once the distribution pattern of microbial
and abiogenic hydrocarbons is established for these systems, radiocarbon analysis (‘*C) of the
hydrocarbon gases from selected systems will be undertaken to determine if the microbially-produced
CHy, is young (and potentially related to mining contamination of the deep subsurface), or geologically
old, representative of an in situ microbial community.

Prior to this, determination of substrate utilization will be done by collecting microbial samples,
isolating them in laboratories by conventional or Gel Microdroplet techniques and culturing them under
the same suite of substrates with natural isotopic abundances and optimal and in situ growth conditions.
The isotopic fractionation associated with substrate utilization will be determined from these experiments.
While valuable, extrapolating this type of result back to the field is uncertain. While such tracer
experiments to evaluate substrate utilization have not to our knowledge been attempted systematically
before in the challenging environment of the deep subsurface, the results will provide critical data for
resolving the question of substrate utilization in these unique geological and microbiological systems.

Evolution of the N cycle from abiotic to biotic?

Background-In conjunction with our research on biogeochemical cycling of C in deep subsurface
biosustainable systems, the role of N cycling must be addressed. Our work in the Canadian Shield and
South Africa has demonstrated that N, is often the second major component (ranging in concentration
from 5% to in some cases as high as 60 vol.%), but the origin of this important component has yet to be
resolved. The South African mine geochemical and dissolved gas samples have revealed some high N,
gas partial pressures (P; ~72 bars) and NH; concentrations as high as 200 pM and undetectable NO3’
concentrations (<1 uM). Non-atmospheric N in geologic systems is predominantly derived from four
sources: 1) the thermal deamination of organic material within sediments; 2) N held as NH," in the lattice
structure of silicate minerals within metasediments; 3) N associated with recent magmatism, or of an
igneous/mantle origin; and, 4) hydrothermal reduction of N, to NH; (Brandes et al., 1998). The absence
of *He in both the Canadian Shield (Sherwood-Lollar et al., 1993) and South African (Lippmann et al.,
2003) gas occurrences rules out a mantle origin. Nor is “recent” magmatism a potential candidiate. In the
3.0 Ga siliclastic/volcanic rocks of the Witswatersrand basin clays might provide a source of NH,"
although its bioavailability has not been tested. Only one thin, marine, shale unit, the Kimberly Shale,
might represent a potential source of bioavailable NH;. The N, (0.1 — 1 M), NH," (30 to 90 mM) and
NO;™ (up to 50 mM) present in fluid inclusions of hydrothermal veins cutting the Witswatersrand rock
strata (Drennan et al., 1999); Frimmel et al., 1999) and the NO5" in the leachates of crushed ore-bearing
rock (Onstott et al., 2003) suggests that fluid inclusion may provide a source for all three N species.

Since the variation in N, isotopic signatures for these different sources is overlapping, N, isotope
systematics alone cannot conclusively resolve all possible origins of N,, but stable isotope studies do have
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the potential to distinguish between atmospheric-derived N and nitrogen-derived form crustal or mantle
processes. Unfortunately, compared to the subsurface C cycle, isotopic studies of the subsurface N Cycle
are in their infancy. Sherwood-Lollar et al. (Sherwood-Lollar et al., 1993) have observed 8'"°N values for
N, that increase toward a heavy signature with increasing concentration, consistent with the type of
signatures expected for N, derived during devolatilization reactions associated with metamorphism
(Haendel et al., 1986; Bebout and Fogel, 1992)). Ballentine and Sherwood-Lollar (Ballentine and
Sherwood-Lollar, 2002) find the N, and “He concentrations are correlated suggesting a crustal source. No
information on the 8'°N values of NH,", N, NO5", NH; or NO, in the aqueous or solid phases have been
reported, however, from either of these deep subsurface environments.

In the case of our South African research, nitrifying and dissimilatory denitrifying bacteria have been
detected by 16s rDNA analyses and thermophilic, nitrate reducing bacteria have been isolated (Kieft et
al., 1999), but which of these are mining contaminants or indigenous subsurface habitants is currently
being resolved.

Obijectives-Like the C cycle objective 1, N cycle research will focus on characterizing abiogenic and
biogenic components of N in the deep subsurface of South Africa and Canada. This will involve the N
isotopic analyses, N species analyses by lon chromatography mass spectrometry, DNA extraction,
amplification and sequencing of the 16S rDNA gene, and possibly functional genes, analyses of deep
groundwater. The N:C and the 8"°N and 8"°C of the microbial biomass will be analyzed. Finally the N:C
concentration of 3'°N and 8"°C of the Kimberly shales and of the ore-associated kerogen and bitumen and
the 8'"°N of the siliclastic and volcanic units enveloping the fissure water will be analyzed.

The research will examine the source of the various components of the N cycle, including the excess
N, gas. Probable pathways for N, formation will be addressed by looking at the typical isotope signatures
observed for such pathways and comparing that with the field data, by looking for certain functional
genes for the processes of nitrification and denitrification within our environmental microbial population,
and by examining the fluid inclusions to determine the chemical composition, isotopic composition, and
the source of the mineralizing fluid. In addition to the field component, some (high-temperature, high-
pressure) laboratory experiments to explore certain abiotic possibilities for sources and sinks of N, such as
mineral-catalysed reduction of NO;3", NO,", and N, to NH;. The fundamental database derived will be
used to compare N isotopic results to that of other Archean sediments to address the question of
correlating the modern terrestrial N cycle to that of the Archean. The research will address four major
questions:

e What are the 3'"°N values for the solid phase NH," and the N, gas in the rock strata? What
is the 8'"°N value of the organic-rich Kimberly shales? What are the '°N and 3'*0 values
for the NO; and the 8"N for the NH,4" of the pore water and the fluid inclusions? What
are the 8"°N and 8'%0 values for the NO;™ and the 8'"°N for the NH," of the mining water
contaminated with explosive residues? Do these isotopic values correlate with other
geochemical, isotopic, microbial or geological parameters? Is there any suggestion of an
abiotic source for the N,?

e Do we see evidence in the microbial community of nitrifiers, N, fixers and denitrifiers by
the presence of 16S rDNA or certain functional genes?

e What are the 5"°N and 8"°C values of the microbial biomass? Do these values reflect the
source of N? Are the indigenous microorganisms deriving their N from an abiogenic
source?

Nitrate and ammonium isotope analyses-The isotope measurements on NOs™ will be made using the
‘denitrifier method’, in which the NO5™ sample is quantitatively converted to N,O, which is then measured
by gas chromatography-isotope ratio mass spectrometry [Sigman et al., 2001]." This method offers several
improvements relative to previous methods that are important to this study. It is extremely sensitive
(down to 10 nmol N and 0.5 uM NOjy"), reducing the constraints and burdens associated with sample
concentration and volume. It is completely free of cross-contamination by dissolved organic N or NH,".
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Finally, it measures both N and O isotope ratios of NOj;™ in a much more sensitive and time-efficient way
than previously available methods [Casciotti et al., 2002].

The NH," isotope measurements will be made using an adaptation of the ‘passive NH," diffusion’ that
is optimized for natural abundance isotope work [Sigman et al., 1997]. This method is not as sensitive as
the denitrifier method but is more sensitive than other NH, ™ methods, and the abundance of NHy/NH," in
many of the systems being studied makes this less of an issue.

Both the NO; and NH," isotope measurements will be made in Sigman’s lab at the Department of
Geosciences at Princeton University. The N, isotopic analyses will be performed in the Sherwood-
Lollar’s lab at the University of Toronto.

Evolution of the S Cycle From Abiotic to Biotic Geochemistry

Background-Sedimentary sulfide minerals are typically depleted in **S due to their formation from
sulfide (H,S or HS") produced during bacterial sulfate reduction. The extent of **S-depletion recorded by
the sulfide is dependent primarily on the rate of sulfate advection or diffusion to the site of sulfate
reduction but factors such as the concentration of sulfate, pH, temperature, substrate availability, bacterial
species, and general growth conditions are important secondary controls. Laboratory studies have shown
that the kinetic isotope effect associated with dissimilatory bacterial sulfate reduction produces sulfide
that is depleted in **S by 5 to 46%o relative to the source sulfate (e.g.,(Kaplan and Rittenberg, 1964;
Habicht and Canfield, 1996). Measured.**S values of marine sulfides may show values as low as -50%o
(70%o0 depletion relative to a 20%o sulfate, e.g., (Canfield and Teske, 1996). The additional depletion in
sulfide is likely due to isotopic fractionation produced during bacterial disproportionation of S°, SO;*
(sulfite), and S,05> (thiosulfate) (e.g., Habicht et al., 1998)). Intermediate sulfur species are produced
without isotope fractionation during biotic and abiotic re-oxidation of sulfide that is not sequestered as
metal sulfide minerals and is, therefore, available for reactions in sediment pore water (Habicht et al.,
1998). Both biotic and abiotic pathways readily transform these intermediate compounds. Consequently,
study of sulfur isotope signatures is crucial for distinguishing between chemical gradients that sustain
microbial life and chemical gradients that are abiogenic. At temperatures in the range of -5 to 110°C,
biotic isotope fractionation of sulfur allows for rapid establishment of substantial **S depletion in sulfides
while abiotic isotope exchange is minimal due to slow reaction rates. If abiotic equilibrium were reached
in this temperature range, however, the isotopic partitioning between sulfate and sulfide would be 70 to
80%o.

In any type of hydrothermal environment, circulating geothermal waters may react with, and dissolve,
sedimentary sulfides with strongly negative **S values. If the waters are strongly oxidizing, sulfate with
anomalously low **S values may result. If the waters are reducing (but still sufficiently acidic to dissolve
sulfide minerals), sulfide with low **S values will result. If the water is characterized by a fO, value near
the sulfate/sulfide boundary then an equilibrium fractionation between aqueous sulfide and sulfate species

SO,
may result (A H;s values ~15 to 25%o at temperatures between 450 and 250°C). Sulfide **S values more

negative than those of the sedimentary sulfide source may coexist with **S-depleted sulfate under these
conditions. A similar scenario would apply to leaching of virtually any type of sulfide (mantle or
sedimentary) with a **S value less than ~ 20%o. Depending on the fO, conditions and produced SO,*/H,S
ratio, plus the degree of isotopic re-equilibration during cooling of the hydrothermal fluid, **S values of
sulfide could range from strongly negative to highly positive.

A third method for producing sulfides with low or variable **S values is through low-temperature
mineral-fluid interaction that leads to the production of intermediate S species such as SO;> and S,0;”.
Rapid, but abiotic, disproportionation to sulfate and sulfide has been proposed by (Warren, 1972) to
explain **S-depleted pyrite in the ore-zone of roll-front-type sandstone-hosted uranium deposits.
Laboratory reactions have not confirmed abiotic disproportionation reactions involving intermediate S
species produced as oxygenated groundwater interacted with disseminated sedimentary pyrite in the
reduced, down flow, portions of the sandstone. In light of recent discoveries, it is likely that microbial
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communities are associated with these ore-producing chemical gradients and that microbial reduction and
disproportionation are responsible for **S-depleted pyrite in these types of U deposits.

The above model for sulfide oxidation and the production of unstable sulfur intermediaries depends
on the availability of large volumes of oxygenated water. If such water is absent from the geologic
environment in question then the proposed reactions cannot proceed. (Vovk, 1987b) has proposed that in
the absence of oxygenated groundwater, radiolysis of H,O by a, B, or y rays may produce oxygen-
equivalent oxidants (primarily H,O, and OH). In sandstone-type U deposit the interaction between a
radiation source and oxygen-poor interstitial water may produce radiolytically generated oxidants that
would be similar in abundance to those derived from an atmospheric source. Radiation oxidation of
sulfides in low-O, water results in the formation of both SOs* and S,05” (DellaGuardia and Johnston,
1980). Vovk ((Vovk, 1987b)) suggests that the large spread in the **S values of pyrite and groundwater
sulfate in roll-front-type U deposits are produced through a radiolytic process of oxidation followed by
disproportionation of the intermediate S species. As noted previously, microbial processes may influence
pyrite associated with uraninite because laboratory experiments have not demonstrated low-temperature S
isotope fractionation during abiotic disproportionation of SOs> and S,0;%.

Objectives-We propose to further evaluate the possible effectiveness of radiolytic sulfide oxidation in
the production of §**S values that resemble those produced by bacterially mediated sulfide oxidation and
disproportionation reactions. Initial experiments will involve ultra-pure water, freshly cleaved pyrite,
H,0,, and H, sealed in quartz tubes. **S values will be determined for residual pyrite and aqueous S
species, and monitored with respect to the progress of oxidation 